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This paper presents non-destructive dark current measurements of superconducting TESLA cavities for su-
perconducting LINACs. The measurements were carried out in a highly disturbed accelerator environment
using a low temperature superconducting d.c. SQUID based Cryogenic Current Comparator (CCC). The
overall current sensitivity under these rough conditions was measured to be 0.2 nA/Hz1/2 which enables the
detection of dark currents of 5 nA.
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I. INTRODUCTION
Although TESLA (Tera Electron Volt Energy Super-
conducting Linear Accelerator) cavities were developed
for operating in pulsed-mode like in the TESLA linear
collider1 or the European X-FEL2 at DESY Hamburg, a
lot of planned continuous wave driven LINACs for FEL
(free electron laser) will be based on cavities using the
TESLA technology like the BESSY FEL.3
Dark currents are one of the limiting factors for cavities
with high accelerating gradients. They might cause acti-
vation or damage of accelerator components4 and induce
quenches in superconducting cavities. Dark currents can
excite unwanted higher order modes in the cavity and
create a beam halo. They also put an extra load on the
cryogenic system. For example, a dark current of 1 µA
dumped into in a 20 MV/m cavity will create an extra
cryo-load of 20 W. Thus, to analyze the quality of mass-
produced cavities the measurement of the absolute value
of the dark current depending on the gradient of the ac-
celeration field is necessary.5 Configurations for complete
module tests with many cavities will not allow the use of
simple Faraday Cups because the energy of the dark cur-
rent electrons might reach very high energies (some 100
MeV) so that they are not stopped by a Faraday Cup. In
this framework a CCC can provide a number of advan-
tages over the measurement of dark currents utilizing a
Faraday Cup:
• non-destructive measurements,
• measurement of the absolute value of the dark cur-
rent,
• independence of the electron trajectories and ener-
gies,
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• accurate absolute calibration with an additional wi-
re loop and
• extremely high resolution.
The suitability of a CCC as a beam monitor has already
been demonstrated, see reference 6. Although the presen-
ted system was designed for the module test facility of
the European X-FEL at DESY Hamburg the measure-
ments were carried out in the Horizontal Bi-Cavity Test-
facility (HoBiCaT) at Helmholtz-Zentrum-Berlin (HZB).
The HoBiCaT test facility (see Fig. 1) was constructed to
enable rapid-turn-around tests of 9-cell cavities with all
the required ancillary.7 The CCC is mounted on one end
of the cavity with a bellow between. A ceramic gap is re-
cessed in the bellow so that the magnetic field of the dark
current can freely propagate through this gap out of the
beam pipe to the entrance slit of the CCC (see Fig. 1).
The working temperature of the test facility is 1.8 K by
cooling the niobium cavities with superfluid helium.
The presented apparatus senses dark currents in the
nA range. The setup also contains a Faraday Cup as a
second measurement device for comparison. In the case
of the HoBiCaT with one cavity it will work reliably.
II. CRYOGENIC CURRENT COMPARATOR
Originally developed to compare two currents with one
another,8 CCCs are used in many different ways in me-
trology, see for example references 9 and 10.
The presented CCC consists of (see Fig. 2):
• a meander-shaped superconductive niobium shiel-
ding,
• a superconductive niobium single-turn toroidal
pick-up coil with a ferromagnetic core,
• high performance d.c. SQUID system.
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2Fig. 1. Schematic view of the HoBiCaT test facility with TESLA cavity, CCC and Faraday Cup. The dashed line is added to
indicate the CCC with its components.
Fig. 2. Simplified schematic view of the meander-shaped ma-
gnetic shielding, the toroidal pickup coil, the matching trans-
former and the SQUID.
A. Superconductive Shielding
The resolution of the CCC is reduced if the toroidal
pick-up coil operates in presence of disturbing external
magnetic fields. In practice, external fields are unavoi-
dable, therefore an extremely effective shielding has to
be applied. A circular meander-shaped (“ring cavities”)
superconductive shielding structure (see Fig. 2) allows
passing only the azimuthally magnetic field component
of the dark current, while the non-azimuthal field com-
ponents are strongly attenuated. The attenuation cha-
racteristics of CCC shields have been studied analytical-
ly in detail in references 11–13. These studies have be-
en applied to the shielding of the presented CCC, and
an attenuation factor of approximately 120 dB for the
transverse, non-azimuthal magnetic field components is
estimated. This result is based on the superposition of
the analytic results for the different shielding substruc-
tures, in this case coaxial cylinders and “ring cavities”(as
described in detail in reference 14).
B. Pick-up Coil
A single turn pick-up coil is formed as a superconduc-
ting niobium toroid with a slot around the circumference.
It contains a Vitrovac 6025F core15 providing a high per-
meability µr of about 18000 at liquid helium temperatu-
res (see Fig. 3). The relative permeability is calculated
from the measured inductance of the installed pick-up
coil. The measurement was done by an Agilent E4980A
3Fig. 3. Relative permeability of the ferromagnetic core mate-
rial Vitrovac 6025F15 at 4.2 K.
Precision LCR Meter; details see reference 16. The ma-
terial inhomogeneity of the core is averaged by complete
encapsulation of a toroidal niobium coil.
C. SQUID System
The key component of the CCC is the high performan-
ce d.c. SQUID system developed and manufactured at
Jena University. The SQUID sensor UJ 11117 is designed
in a gradiometric configuration and based on Nb-NbOx-
Pb/In/Au Josephson tunnel junctions with dimensions
of 3× 3 µm2. The SQUID electronics consists of the low
noise preamplifier and the SQUID control unit. The low
source impedance of the SQUID (about 1 Ω) is stepped
up to the optimal impedance of the preamplifier by a
resonant transformer. The d.c. bias and flux modula-
tion (modulation frequency 307 kHz) are fed into the
SQUID via voltage-controlled current source situated in
the preamplifier and the controller, respectively. An opti-
mal choice of bias and flux modulation working point for
the SQUID system was adjusted in the magnetic shiel-
ded room (MSR) manufacted by VAC Hanau.15 In a d.c.
coupled feedback loop, the field of the dark current to be
measured is compensated at the pick-up coil by an exter-
nal magnetic field generated by the attached electronics.
Due to the superconductivity of all leads in the input cir-
cuitry (shielding, pick-up coil, transformer, and SQUID
input coil) the CCC is able to detect even d.c. currents.
For an optimum coupling between the single-turn toro-
idal pick-up coil (26 µH @ 100 Hz, 4.2 K; relative per-
meability see Fig. 3) and the SQUID input coil (0.8 µH)
a matching transformer is necessary. Using a modulation
frequency of 307 kHz the measurement system provides
an over-all bandwidth of 20 kHz (signal level 1 Φ0) or 70
kHz (signal level 0.1 Φ0).
D. Working Principle of the CCC
The dark current electrons creating a magnetic field
BBEAM which induces screening currents ISC in the
meander-shaped superconductive shielding (see Fig.2.
These screening currents in turn generate a magnetic
field BSC which is transformed into a current through
the pick-up coil. This current is then measured by the
SQUID, after passing and being transformed by the mat-
ching transformer.
III. MEASUREMENT SETUP
The output signals from the CCC and the Faraday
Cup were captured by a computerized data acquisition
system. The SQUID signal was connected to a National
Instruments PCI-6221 (M Series DAQ) card. The Fara-
day Cup was installed at the end of the cavity vacuum
chamber (see Fig. 1). The Faraday Cup was biased with
+ 210 Volts which was tested to be sufficient to collect all
charges (charge vs. bias reached plateau). For its biasing
and readout a high resolution DVM was used (Keith-
ley 2400 Source Meter) which was connected via GPIB
to the computer to measures the collected dark current
to ground after passing the CCC. The signals from the
CCC and the Faraday Cup were captured simultaneous-
ly in two separate loops with the help of a customized
program. The start and the end time as well as a sepa-
rate measurement time created in each loop, were logged
to ensure a chronological correlation. The collected data
were analyzed by an applicative tool. The spectral cur-
rent noise distributions were measured with a Hewlett
Packard 33120A spectrum analyzer.
IV. RESULTS
The presented measurements of dark currents at the
HoBiCaT test facility at HZB were performed on the DE-
SY Z86 cavity. The cavity could be operated either in CW
or pulsed-mode. The repetition rate in pulsed-mode was
chosen as 0.1 Hz, with 50% duty cycle. As depicted in
Figure 4 the CCC signal is highly disturbed. Because of
the high noise level of more than 1 Φ0 the most sensitive
measuring range of the SQUID-electronics could not be
used. In this environment an overall current sensitivity of
the CCC of 243 nA/Φ0 could be achieved, which means
243 nA/V within these settings. This is slightly smal-
ler compared to Vodel et al.,5 where the overall current
sensitivity was specified to 200 nA/Φ0. This is due to a
necessary reconstruction, which caused a change of the
inductance of the pickup coil and therewith a change of
the transfer ratio of the matching transformer. As one can
see in the spectral current noise distributions (see Fig. 5)
there is a considerable noise contribution between 5 Hz
and 500 Hz while running the CCC in this disturbed ac-
celerator environment. But it is noticeable that there is
4Fig. 4. Dark current from the raw CCC-SQUID-signal (grey),
calculated with an overall current sensitivity of 243 nA/V
within these settings. The black curve is the signal filtered by
a 5 Hz low pass.
Fig. 5. Spectral current noise distributions of the CCC at HZB
(curve a; black) without acceleration field, and with accelera-
tion field (curve b; light grey, dotted).
no visible additional noise when the acceleration field is
switched on. The noise limited current resolution in the
frequency range up to 5 Hz is 0.2 nA/Hz1/2 with a total
noise of 1.8 nA. Between 5 Hz and 500 Hz it increases
up to 50 nA/Hz1/2 due to external disturbances. A ma-
jor part of the additional noise seems to be caused by
microphonic effects. The peak at 300 Hz in Figure 5 for
example is clearly assignable to the vacuum pump for the
isolating vacuum of the HoBiCaT test facility. Neumann
et al.18 investigated the microphonic detuning of these
cavities in the HoBiCaT test facility regarding the stabi-
lity of the cavities resonance frequency. They identified
several microphonic sources with their corresponding fre-
quencies. One can distinguish between deterministic nar-
row bandwidth sources, like vacuum, water respectively
helium cooling pumps, and random broadband machi-
nery noise. The frequency spectrum of microphonic di-
Fig. 6. Comparison between spectrum of microphonic distur-
bances (lower curve) measured by HZB and flux noise spec-
trum of the CCC (upper curve).
sturbances was also measured for the DESY Z86 cavity.
Compared with the measured flux noise of the CCC (see
Fig. 6) microphonic effects could be confirmed as a sour-
ce of many disturbances. The coupling of the vibrations
of the HoBiCaT test facility to the CCC could be explai-
ned by a relative movement of the disks of the meander-
shaped shielding against each other. The pulsed dark cur-
rent gets clearly visible after filtering the signal with a
low pass whose cut-off frequency of 5 Hz is below the ad-
ditional noise contribution. In Figure 7 a dark current of
approximately 21 nA is measured with the Faraday Cup.
After filtering and smoothing, the CCC shows similar re-
sults. As depicted in Figure 8 it is possible to detect dark
currents with an accuracy of several nA down to 5 nA wi-
thin a 5 Hz bandwidth. Even down to 0.5 nA the pulse
sequence is detectable. The drift in Figures 7 and 8 can
be explained by the superconducting properties of the
CCC. Since the CCC is sensitive to d.c. and a.c. signals,
it also detects slowly varying stray fields. They might be
caused by temperature changes, Helium pressure fluctua-
tions or charging of the test facility in pulsed operation
mode. A further explanation would be the movement of
captured magnetic flux as flux vortices in the supercon-
ducting components. It is also striking that the plateau
of the dark current when acceleration field is switched on
is not constant, but very slightly sloping. This behavi-
or was observed in subsequent measurements at HZB in
a much larger scale. Switching on the acceleration field
much longer than 5 sec led to a drop in dark currents of
more than 50%. This was due to a slow heating of higher
order modes (HOM) couplers, which were installed in the
cavity, so that the quality factor of the cavity had dete-
riorated slowly. This led in turn to a smaller transmitted
power or smaller cavity field and thus to a smaller dark
current. The dark current was getting smaller until a ba-
lance of HOM-heating and field reduction was achieved.
The time constant for this thermal process was several
minutes.
5Fig. 7. Dark current of approximately 21 nA measured by
CCC (black curve, filtered and smoothed) and Faraday Cup
(grey, dotted).
Fig. 8. Dark current of approximately 5 nA measured by CCC
(black curve, filtered and smoothed) and Faraday Cup (grey,
dotted).
V. CONCLUSIONS
The measurements at the HoBiCaT test facility sho-
wed that our Cryogenic Current Comparator is capable
of measuring dark currents of superconducting cavities in
a highly disturbed accelerator environment. The overall
current sensitivity of the CCC was 243 nA/Φ0 at these
measurements. The expected5 noise-limited current reso-
lution of 0.5 nA/Hz1/2 was even exceeded. It was mea-
sured to be 0.2 nA/Hz1/2 for frequencies below 5 Hz. In
the frequency range between 5 Hz and 500 Hz it increased
up to 50 nA/Hz1/2 due to external disturbances, which
could be verified in part as microphonic effects. An atte-
nuation of this kind of disturbances might be achieved by
fixing the disks of the meander-shaped shielding among
each other. Nevertheless the non-destructive detection of
dark currents down to 5 nA with an accuracy of a few nA
in an accelerator environment was successful. Further im-
provements are possible by finding suitable ferromagnetic
core materials in terms of absolute value and frequency
dependence of the relative permeability. This is part of
ongoing investigations; some first results see reference 16.
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